Here, we aimed to bioremediate organically contaminated soil with Brassica napus and a bacterial consortium. The bioaugmentation consortium consisted of four endophyte strains that showed plant growth-promoting traits (three Pseudomonas and one Microbacterium) plus three strains with the capacity to degrade organic compounds (Burkholderia xenovorans LB400, Paenibacillus sp. and Lysinibacillus sp.). The organically contaminated soil was supplemented with rhamnolipid biosurfactant and sodium dodecyl benzenesulfonate to increase the degradability of the sorbed contaminants. Soils were treated with organic amendments (composted horse manure vs. dried cow slurry) to promote plant growth and stimulate soil microbial activity. Apart from quantification of the expected decrease in contaminant concentrations (total petroleum hydrocarbons, polycyclic aromatic hydrocarbons), the effectiveness of our approach was assessed in terms of the recovery of soil health, as reflected by the values of different microbial indicators of soil health. Although the applied treatments did not achieve a significant decrease in contaminant concentrations, a significant improvement of soil health was observed in our amended soils (especially in soils amended with dried cow slurry), pointing out a not-so-uncommon situation in which remediation efforts fail from the point of view of the reduction in contaminant concentrations while succeeding to recover soil health.
Introduction
Bioremediation, or the use of microorganisms to detoxify or remove contaminants, has great potential for the remediation of contaminated soils [1] [2] [3] . Bioremediation can be performed through: (i) natural attenuation, or the natural process of contaminant degradation; (ii) biostimulation, or the modification of the environmental conditions to stimulate the biodegradation ability of indigenous microorganisms; and (iii) bioaugmentation, or the introduction of exogenous microorganisms with the capacity to degrade the target contaminants [4] [5] [6] .
Industrial soils are most frequently affected by the presence of more than one contaminant, thus hindering the application of biological remediation techniques. For instance, in petroleum contaminated soils, aliphatic and aromatic hydrocarbons [including polycyclic aromatic hydrocarbons Experimental pots containing 2 kg of the biostimulated organically-contaminated industrial soil were placed in a growth chamber under the following controlled conditions: 25/22 • C day/night, 65% relative humidity, and 300 µmol photon m −2 s −1 , with a 14-h photoperiod. Half of the pots were planted with Brassica napus for rhizoremediation purposes. In a previous rhizoremediation experiment [30] , we found B. napus plants to have a key role in the recovery of the health of soils contaminated with metals and diesel. Approximately, 20 seeds per pot were superficially buried in the soil and, after seed germination, only 6 homogeneous plants per pot were left (the rest were manually removed).
Fifty days after initiation of the treatments (to allow enough time for plant development), bioaugmentation with a bacterial consortium was performed in half of the pots. The bacterial strains used for this consortium were: (i) Burkholderia xenovorans LB400 DSM-17367, Paenibacillus sp. and Lysinibacillus sp., three strains previously characterized by their ability to degrade hydrocarbons; and (ii) four endophyte strains (one Microbacterium sp. and three Pseudomonas sp.) which, in previous studies [17] , showed their plant growth-promoting traits. The strains were grown overnight in Luria-Bertani broth (Sigma-Aldrich L3022) at 28 • C on a rotary shaker (125 rpm, Sartorius, Certomat ® BS-1). Subsequently, the bacterial cells were collected by centrifugation (6000× g, 5 min, 4 • C), washed twice with sterile phosphate-buffered saline (PBS), and resuspended in sterile 0.85% KCl to obtain a final inoculum density of approximately 10 9 CFU ml −1 (OD 660 = 1.25) [12] . Before their application to the experimental soil, all the individual strains (a total of 7 strains) were mixed together, in equal proportion, to form the bioaugmentation consortium. Bioaugmented pots received 100 mL of the bacterial consortium solution, while non-bioaugmented soils received the same volume of sterile 0.85% KCl. The bioaugmentation process was repeated weekly for 6 consecutive weeks.
Three months after the beginning of the experiment, plant shoots were harvested and dried at 70 ºC. Soil samples were taken and stored at 4 • C prior to analysis.
Soil Physicochemical Properties
The concentration of total petroleum hydrocarbons (TPHs) and, specifically, PAHs in soil samples was determined by the abovementioned certified laboratory. Soils were sieved to <2 mm and oven dried at 105 • C for 48 h for the determination of dry weight. Soil OM content was determined according to the modified Walkley-Black method as described by Nelson and Sommers [31] . In brief, 0.5 g of soil was weighed out into 100 mL digestion tubes and 20 mL concentrated H 2 SO 4 was added. The tubes were kept at 150 • C for 30 min in a pre-heated block digestor (Kjeldahl block digestor, Tecator Inc). The tubes were taken out and the solution was brought to room temperature. The contents were quantitatively transferred to a 500 mL conical flask and titrated with a 0.5 M Fe (NH 4 ) 2 (SO 4 ) 2 solution. Soil pH and electrical conductivity (EC) were determined in water at 1:2.5 w/v and 1:5 w/v, respectively. Water soluble organic carbon (C WS ) was determined as follows: 1 g of soil was suspended in 5 mL of deionized water and, then, the suspension was horizontally shaken at 175 rpm for 1 h. After centrifugation at 3500 rpm, organic carbon (C) was determined according to Wu et al. [32] . Total C and nitrogen (N) were analysed by combustion at 950 • C with a TruSpec CHN analyser (LECO Corporation, Michigan USA) according to ISO 10694 [33] and ISO-13878 [34] , respectively. These soil physicochemical properties are often determined in bioremediation studies [35, 36] .
Soil Biological Properties
Microbial biomass C (C MB ) was determined by the fumigation-extraction method [37] : briefly, 5 g of soil was fumigated for 24 h with amylene-stabilized CHCl 3 and extracted in 20 mL of 0.5 M K 2 SO 4 . Then, 3.5 mL of chromium reagent [chromium (VI) oxide (0.06% w/v); sulfuric acid (65% v/v)] was added to 2 mL of extract and incubated at 150 ºC for 60 min. The organic C concentration was determined spectrophotometrically at 445 nm. Microbial biomass C was calculated as the difference between the organic C concentration of the fumigated and unfumigated extracts [32] .
DNA was extracted from soil (0.25 g) using a DNA PowerSoil™ Isolation Kit (MO Bio Laboratories, CA) according to the manufacturer's instructions. Prior to DNA extraction, soil samples were washed twice in 120 mM K 2 HPO 4 (pH 8.0) to wash away extracellular DNA [38] . Extracted DNA concentrations were determined using a TapeStation 4200 (Agilent Technologies).
Real-time qPCR was carried out to measure total bacterial (16S rRNA) and fungal (18S rRNA) gene copy abundances [39] . Each 25 µL reaction mixture contained 1.0 µL of template DNA, 12.5 µL of SYBR PremixExTaq (Takara Bio, Inc.), 1.5 µL of each primer (at a concentration of 30 and 20 µM for bacteria and fungi, respectively), 0.5 µL of ROX TM dye, and 8.0 µL of sterile deionized water. Each sample was measured in triplicate. The primers and qPCR conditions are shown in Table S1 [40, 41] . The minimum R 2 value obtained in the calibration curves was 0.986. The minimum efficiency in the PCR was 96.9%.
Soil respiration (R) was determined by measuring CO 2 evolution in hermetic flasks incubated at 30 • C for 72 h according to ISO 16072 [42] . Potentially mineralizable N (N PM ) was determined as follows [43] : briefly, deionized water was added to 2.5 g of fresh weight (FW) soil. The suspension was incubated for 7 days in a water bath at 40 • C. Then, 6.25 mL of 4 M KCl and 1 mL of dichloroisocyanurate (50 mg in 50 mL deionized water) were added to incubated and non-incubated soils. After 30 min at room temperature, absorbance was read at 670 nm.
The activities of β-glucosidase (EC 3.2.1.21), β-glucosaminidase (EC 3.2.1.30), xylosidase (EC 3.2.1.37), acid phosphatase (EC 3.1.3.2), L-Ala-aminopeptidase (EC 3.4.11.12) and L-Leu-aminopeptidase (EC 3.4.11.1) were determined according to ISO/TS 22939 [44] , using fluorogenic substrates [4-methylumbelliferyl (MUF) and 7-amino-4-methylcoumarin (AMC)] in 96-microwell plates. Briefly, 100 µL of the soil suspension (2.5 g in 150 mL water) was dispensed onto the plates. The four MUF-activities (β-glucosidase, β-glucosaminidase, xylosidase, acid phosphatase) were assayed at pH 6.1 in 150 mM MES [2-(N-morpholino) ethanesulfonic acid] buffer. The two AMC-activities (L-Ala-aminopeptidase, L-Leu-aminopeptidase) were assayed at pH 7.8 in 75 mM Tris-HCl buffer. The plates were continuously stirred and kept at 30 • C. Fluorescence was measured five times at 20 min intervals. Arylsulphatase (EC 3.1.6.1) activity was determined according to Dick et al. [45] . Urease (EC 3.5.1.5) activity was measured following Kandeler and Gerber [46] . Dehydrogenase (EC 1.1) activity was determined according to ISO 23753-2 [47] . Community-level physiological profiles (CLPPs) of cultivable heterotrophic bacteria were determined with Biolog EcoPlates™ following Epelde et al. [48] . Data were calculated from Gompertz regressions (three parameters) of the obtained curves as proposed by Preston-Mafham et al. [49] .
To determine the effect of treatments on the structure of soil prokaryotic communities, amplicon libraries were prepared using a dual indexing approach with sequence-specific primers [50] targeting the V4 region of the 16S rRNA gene: 519F (CAGCMGCCGCGGTAA) adapted from Øvreås et al. [51] and 806R (GGACTACHVGGGTWTCTAAT) adapted from Caporaso et al. [52] . Briefly, adapter-linked forward and reverse primers were used in the first amplification step using the following reaction in a total volume of 20 µL: 1 µL template community DNA, 1 µM each of the forward and reverse primers, and 1× HotStarTaq DNA Polymerase (Qiagen QI203443). The following PCR parameters were used: initial denaturation at 95 • C for 15 min, followed by 25 cycles of 95 • C for 20 s, 55 • C for 30 s, 72 • C for 30 s, with a final extension at 72 • C for 7 min. Amplicon libraries were cleaned using AMPure XP (Beckman Coulter Genomics). Barcoded primers were used in the second amplification step (10 cycles) in a total volume of 50 µL [50] . Sequencing was carried out with an Illumina MiSeq V2 platform and pair-ended 2 × 250 nt at Tecnalia, Spain. The read paired ends were merged, quality filtered (i.e., primer trimming, removal of singletons and chimeric sequences) and clustered into operational taxonomic units (OTUs) [53] . CREST was used for making taxonomical assignments [53] . Sequencing data were submitted to the European Nucleotide archive (accession PRJEB32948). The abovementioned microbial properties are often analysed in bioremediation studies [54, 55] .
Statistical Analyses
To explore the relationships between treatments and values of the soil parameters, redundancy analyses (RDA) and variation partitioning analyses were carried out using Canoco 5.0 [56] . Data were checked for normality (Kolmogorov-Smirnov test) and homogeneity of variance (Cochran C test). The effects of the experimental factors (Brassica napus "plant" growth vs. unplanted; "bioaugmentation" with the bacterial consortium vs. non-bioaugmentation; and "amendment" application of composted horse manure or dried cow slurry vs. unamended control) and their interactions on soil microbial parameters were evaluated by three-way ANOVA using SPSS 20.0 Statistics Software (SPSS, Chicago, IL, USA). When double and triple interactions were significant, differences (p < 0.05) among factors or levels of factors were tested using Duncan's test. Differences in plant dry weight were evaluated by two-way ANOVA (San Francisco, CA, USA).
Determination of α-diversity indices, multivariate statistics and visualization of 16S rRNA amplicon sequencing data were performed with the R package vegan [57] . Rarefied richness estimates (calculated by interpolating the expected richness at the lowest sample-specific sequencing depth) were used to compensate for variations in the read numbers across samples. Decostand function was used to transform OTU distributions into relative abundances. Subsequent calculations of the Bray-Curtis dissimilarity matrices for comparisons of the OTU community compositions were performed as described by Lanzén et al. [50] .
Results
The analysis of the soil collected from the industrial site revealed that the soil was contaminated with 8500 mg kg −1 DW (dry weight) soil of total petroleum hydrocarbons (TPHs) and 5200 mg kg −1 DW of PAHs. Concentration values for the individual PAHs and hydrocarbon fractions were (mg kg −1 DW soil): naphthalene = 120; acenaphthene = 78; fluorine = 82; phenanthrene = 500; anthracene = 140; fluoranthene = 830; pyrene = 570; benzo(a)anthracene = 550; chrysene = 520; benzo(b)fluoranthene = 570; benzo(k)fluoranthene = 250; benzo(a)pyrene = 400; dibenzo(a.h)anthracene = 89; benzo(ghi)perylene = 220; indeno(1.2.3-cd)pyrene = 240; sum of 10 PAH-VROM = 3800; C10-C12 hydrocarbon fraction = 100; C12-C16 hydrocarbon fraction = 380; C16-C21 hydrocarbon fraction = 2400; and C21-C40 hydrocarbon fraction = 5600. At the end of the experiment, prior to their interpretation, soil contaminant concentrations were corrected to take into account the "dilution factor" resulting from the application of the organic amendments. Contaminant concentrations at the end of the experiment are shown in Table 2 . Statistically significant differences were detected for the "Plant x Bioaugmentation" interaction: values of TPHs were significantly lower in bioaugmented planted pots than in non-bioaugmented planted pots; by contrast, values of total-PAHs were higher in bioaugmented planted pots than in non-bioaugmented planted pots. Similarly, statistically significant differences in contaminant concentrations were detected for the "Plant x Amendment" interaction: in planted pots, the addition of dried cow slurry resulted in higher values of total-PAHs with respect to (i) pots amended with composted horse manure and (i) unamended controls (and also with respect to unplanted pots amended with dried cow slurry). In any case, it was concluded that the applied treatments failed at reducing the concentrations of the target soil contaminants (TPHs and PAHs) since, at the end of the experiment, there were no significant differences among treatments, including the untreated control (unplanted, non-bioaugmented control). Then, the observed reduction in contaminant concentrations, compared to the initial values (see above), was most likely due to soil manipulation, not to the applied remediation treatments. On the other hand, significantly higher values of plant DW were observed in pots amended with dried cow slurry, compared to pots amended with composted horse manure or unamended controls ( Figure 1 ). Values of total N and C WS were higher in soils amended with composted horse manure (0.39 ± 0.01% and 636 ± 46 mg C kg −1 soil) and dried cow slurry (0.37 ± 0.03% and 565 ± 65 mg C kg −1 soil) than in control unamended soils (0.28 ± 0.02% and 317 ± 28 mg C kg −1 soil) ( Table 3 ). Values of soil pH were slightly, not relevantly, higher in soils amended with composted horse manure, whereas a slight increase in electrical conductivity (EC) was observed in soils amended with dried cow slurry (1.7 ± 0.1 dS m −1 ) with respect to control soils (1.4 ± 0.1 dS m −1 ; p < 0.06) ( Table 3) . The application of organic amendments, especially dried cow slurry, increased the values of most of the microbial parameters determined here. Microbial activity parameters (see below) were significantly higher in soils amended with dried cow slurry, followed by soils amended with composted horse manure and, finally, unamended controls ( Figure 2 ; F = 16.1, p < 0.002) ( Table 4 ). According to the variation partitioning analysis, "amendment" application accounted for 64% of the Table 3 . Effect of treatments on soil properties. EC: electrical conductivity (dS m −1 ); C WS : water soluble organic C (mg C kg −1 soil); C: total C (%); N: total N (%). Compost: amended with composted horse manure; Cow slurry: amended with dried cow slurry. The application of organic amendments, especially dried cow slurry, increased the values of most of the microbial parameters determined here. Microbial activity parameters (see below) were significantly higher in soils amended with dried cow slurry, followed by soils amended with composted horse manure and, finally, unamended controls ( Figure 2 ; F = 16.1, p < 0.002) ( Table 4 ). According to the variation partitioning analysis, "amendment" application accounted for 64% of the explained variation, while "bioaugmentation" and "plant" growth explained only 1.3 and 2.2% of the variation, respectively. Significantly highest values of soil respiration (4 ± 0.3 mg C kg −1 soil) were, in general, obtained in soils amended with dried cow slurry (Table 4) . Lowest values of soil respiration (1.57 ± 0.3 mg C kg −1 soil) were detected in unamended controls [planted pots showed significantly higher values (1.85 ± 0.07 mg C kg −1 soil) than unplanted pots (1.30 ± 0.01 mg C kg −1 soil)] ( Table 4 ). Bioaugmentation led to lower values of soil respiration in planted pots amended with composted horse manure and dried cow slurry, compared to unamended controls. Regarding N PM , values were higher (106 ± 24 mg N-NH 4 + kg −1 DW soil) in soils amended with dried cow slurry (lowest values-6 ± 3 mg N-NH 4 + kg −1 DW soilwere obtained in soils amended with composted horse manure). N PM values were higher in planted vs. unplanted soils (120 ± 13 and 90 ± 25 mg N-NH 4 + kg −1 DW soil, respectively). Bioaugmentation did not cause significant differences among treatments in regard to N PM . Concerning soil enzyme activities, the "amendment" factor was significant for all soils, with highest values being detected in soils amended with dried cow slurry. The "plant" factor was significant for 6 enzyme activities (out of 9), with generally higher values observed in planted vs. unplanted pots. No clear effect of the "bioaugmentation" factor was observed for soil enzyme activities.
Appl. Sci. 2019, 9, Regarding parameters that provide information on soil microbial biomass, according to the RDA, values increased in amended soils (Figure 3 ). The first axis explained 65% of the variance (F = 21.7; p < 0.002). The variation partitioning analysis showed that the "amendment" factor was the most important: it explained 58% of the variation, while "plant" and "bioaugmentation" factors explained only 12 and 5% of the variation, respectively. Unexpectedly, in unamended controls, C MB values were higher in unplanted (1.652 ± 342 mg C kg −1 DW soil) than in planted (977 ± 24 mg C kg −1 DW soil) soils ( Table 5 ). In general, the bioaugmentation treatment resulted in higher C MB values. Both the 16S rRNA (total bacteria) and 18S rRNA (total fungi) gene copy numbers increased in amended soils with respect to controls. The highest gene copy numbers were found in bioaugmented planted soils amended with dried cow slurry: 3.9×10 8 ± 7.7×10 7 for 16S rRNA and 30e 5 ± 2.7e 5 for 18S rRNA. Regarding microbial diversity parameters, the duration of the lag phase and t1/2 values (time corresponding to the middle of the exponential phase), calculated from the growth curves of the Biolog TM CLPPs, were significantly shorter in soils amended with dried cow slurry ( Table 6 ). In amended controls and soils amended with composted horse manure, planted pots showed significantly lower values of lag phase and t1/2, compared to unplanted pots. The highest slopes of the CLPPs growth curves were observed in soils amended with dried cow slurry ( Table 6 ). In unplanted soils, AWCDt1/2 and AWCDmax values were lower in bioaugmented vs. non-bioaugmented pots. Finally, values of NUSt1/2 and Shannon's diversity were significantly lower in soils amended with dried cow slurry, compared to unamended controls. According to the RDA performed with the slope values of all the substrate utilization profiles, values were higher in planted soils and soils amended with dried cow slurry (Figure 4 ). The variation partitioning revealed that the "plant" and "amendment" factors explained 19 and 15% of the variability, respectively. Table 5 . Effect of treatments on soil microbial biomass. Mean values (n = 3) ± SD. Probability values from three-way ANOVA (ns: non-significant) for the effects of plant growth, bioaugmentation, amendment and their interactions are shown below. When the triple interaction is significant, the means with different letters are significantly (p < 0.05) different according to Duncan's test. C MB : microbial biomass C (mg C kg −1 DW soil); Bacterial and fungal abundances (gene copy numbers by qPCR). Compost: amended with composted horse manure; Cow slurry: amended with dried cow slurry. Regarding microbial diversity parameters, the duration of the lag phase and t 1/2 values (time corresponding to the middle of the exponential phase), calculated from the growth curves of the Biolog TM CLPPs, were significantly shorter in soils amended with dried cow slurry (Table 6 ). In amended controls and soils amended with composted horse manure, planted pots showed significantly lower values of lag phase and t 1/2 , compared to unplanted pots. The highest slopes of the CLPPs growth curves were observed in soils amended with dried cow slurry ( Table 6 ). In unplanted soils, AWCD t1/2 and AWCD max values were lower in bioaugmented vs. non-bioaugmented pots. Finally, values of NUS t1/2 and Shannon's diversity were significantly lower in soils amended with dried cow slurry, compared to unamended controls. According to the RDA performed with the slope values of all the substrate utilization profiles, values were higher in planted soils and soils amended with dried cow slurry (Figure 4) . The variation partitioning revealed that the "plant" and "amendment" factors explained 19 and 15% of the variability, respectively. As far as structural microbial diversity is concerned, our metabarcoding data revealed no significant differences among treatments in terms of Shannon's diversity. On the contrary, Simpson's diversity was lower in soils amended with composted horse manure (0.9898), compared to unamended controls (0.9922) and soils amended with dried cow slurry (0.9929) (Table S2 ). Pielou's evenness was higher in soils amended with dried cow slurry (0.76), compared to unamended controls (0.74) and soils amended with composted horse manure (0.74). Rarefied richness was significantly lower in soils amended with composted horse manure (4080), compared to unamended controls (3770) and soils amended with dried cow slurry (3750). The clustering analysis ( Figure 5 ) clearly separated unamended controls, soils amended with composted horse manure, and soils amended with dried cow slurry. These results were also reflected in the distribution of the most abundant families ( Figure 6 ). The most abundant families were Cytophagaceae (especially in soils amended with composted horse manure), Xanthomonadaceae (in soils amended with dried cow slurry), Rhodospirillaceae, Opitutaceae and Comamonadaceae (in both unamended controls and soils amended with dried cow slurry). Regarding the bacterial strains used in our bioaugmentation consortium, Pseudomonadaceae doubled its abundance in bioaugmented vs. non-bioaugmented soils. This increase was not observed for Bukholderia, Lysinibacillus, Paenibacillus Table 6 . Effect of treatments on CLPPs from Biolog EcoPlates TM . Mean values (n = 3) ± SD. Probability values from three-way ANOVA (ns: non-significant) for the effects of plant growth, bioaugmentation, amendment and their interactions are shown below. When the triple interaction is significant, means with different letters are significantly different (p < 0.05) according to the Duncan's test. lag: lag-phase of the growth-curve; t 1 2 : time corresponding to the middle of the exponential phase of the growth curve; slope: slope of the average well colour development (AWCD) curve; NUS max : maximum number of used substrates; NUS t1/2 : number of used substrates at t 1/2 ; AWCD max : maximum average well colour development; AWCD t1/2 : average well colour development at t 1/2 ; H': Shannon's diversity index. Compost: amended with composted horse manure; Cow slurry: amended with dried cow slurry. As far as structural microbial diversity is concerned, our metabarcoding data revealed no significant differences among treatments in terms of Shannon's diversity. On the contrary, Simpson's diversity was lower in soils amended with composted horse manure (0.9898), compared to unamended controls (0.9922) and soils amended with dried cow slurry (0.9929) (Table S2 ). Pielou's evenness was higher in soils amended with dried cow slurry (0.76), compared to unamended controls (0.74) and soils amended with composted horse manure (0.74). Rarefied richness was significantly lower in soils amended with composted horse manure (4080), compared to unamended controls (3770) and soils amended with dried cow slurry (3750). The clustering analysis ( Figure 5 ) clearly separated unamended controls, soils amended with composted horse manure, and soils amended with dried cow slurry. These results were also reflected in the distribution of the most abundant families ( Figure 6 ). The most abundant families were Cytophagaceae (especially in soils amended with composted horse manure), Xanthomonadaceae (in soils amended with dried cow slurry), Rhodospirillaceae, Opitutaceae and Comamonadaceae (in both unamended controls and soils amended with dried cow slurry). Regarding the bacterial strains used in our bioaugmentation consortium, Pseudomonadaceae doubled its abundance in bioaugmented vs. non-bioaugmented soils. This increase was not observed for Bukholderia, Lysinibacillus, Paenibacillus or Microbacterium. 
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Contaminant Concentrations
In this study, different remediation strategies were applied in an attempt to (i) decrease the concentration of the target contaminants (TPHs, PAHs) in the studied industrial soil, and (ii) improve soil health. Apart from biostimulating soil microbial biomass and activity, the application of organic amendments provides beneficial macro-and micronutrients for plant establishment and growth, and often improves soil physicochemical characteristics (and, hence, soil health).
The industrial activity in the studied site, where the soil was collected from, began in the early 1970s and lasted until the mid-2000s, so it appears conceivable that a significant portion of the organic contaminants present in the collected soil were strongly bonded to the soil matrix and recalcitrant to biodegradation. Then, prior to the application of these remediation treatments, the contaminated industrial soil was supplemented with rhamnolipid biosurfactant and sodium dodecyl benzenesulfonate (an ionic surfactant) to increase the bioavailability, and then degradability, of the sorbed recalcitrant organic contaminants. Regrettably, as mentioned above, the applied remediation treatments were not able to significantly reduce the concentration of the target contaminants. Actually, at the end of the experiment, there were no significant differences among treatments, including the untreated control (unplanted, non-bioaugmented control). Then, the observed reduction in contaminant concentrations, compared to the initial values (see above), was most likely due to soil manipulation, not to the applied remediation treatments. One of the possible reasons for this lack of contaminant degradation might be that the concentrations of the surfactants used here (rhamnolipids: 10 mg kg −1 soil; sodium dodecyl benzenesulfonate: 50 mg kg −1 soil) were not high enough to achieve the desired objective. We chose these surfactant concentrations following Wang et al. [58] who reported highest reductions in PAH concentrations in a long-term contaminated soil using these very same concentrations. Nonetheless, in another study [59] , the most effective degradation of carbendazim (a stable benzimidazole fungicide) was achieved at 50 mg rhamnolipid kg −1 soil (in contrast, the application of 150 mg rhamnolipid kg −1 soil inhibited carbendazim degradation). Other authors [60] observed that the application of rhamnolipids at 150 mg kg -1 soil was most appropriate for the remediation of a diesel-oil contaminated soil through bioaugmentation with a bacterial consortium. The most appropriate (most effective) dose of surfactant depends on many different factors, including the nature, concentration and recalcitrance of the target contaminants, as well as the soil type and its physicochemical characteristics. On the other hand, the application of organic amendments to soil, in addition to promoting plant growth and stimulating soil microbial activity, can sometimes result in a chemostabilization effect on some contaminants, thus hindering their degradation. This chemostabilization effect has nevertheless been more reported for toxic heavy metals [61] .
Soil Health
In our study, the application of organic amendments, particularly dried cow slurry, enhanced the values of soil microbial parameters. Likewise, the biomass (DW) of B. napus plants was approximately three-fold higher in pots amended with dried cow slurry, with respect to pots amended with composted horse manure and unamended controls. No clear differences were observed between soils amended with composted horse manure and dried cow slurry in terms of soil physicochemical properties (Table 3 ). On the other hand, the values of the C/N ratio were relatively similar for both amendments: 17 for composted horse manure (C: 34%, N: 2.0%) and 15 for dried cow slurry (C: 42%, N: 2.8%). Besides, as described above, the doses of these two organic amendments were adjusted so that the final OM content was equal in both cases, i.e., 20% OM. However, due to the inherent nature and state of stabilization (maturation) of the amendments used here, it is indeed likely that dried cow slurry contained a higher content of easily oxidizable OM, as well as of easily assimilated N, than composted horse manure, explaining its stronger stimulatory effect on plant growth and microbial biomass and activity. In agreement with this, all the parameters calculated here from Biolog EcoPlates TM data were affected by the type of organic amendment, with cultivable heterotrophic bacterial communities being more active, in terms of C substrate utilization rates, in soils amended with dried cow slurry (nonetheless, they showed a lower Shannon's diversity). It is not unusual to observe a reduction in soil microbial diversity (together with an increase in soil microbial biomass and activity) as a result of the application of organic amendments, probably due to the fact that the more efficient species in terms of their capacity to rapidly use easily metabolizable carbon substrates provided by the amendments outcompete those with a lower capacity, thus leading to a less diverse community.
The values of Pielou's evenness, calculated from amplicon next generation sequencing data, showed a more uniform microbial community in soils amended with dried cow slurry (in turn, rarefied richness values were higher in soils amended with composted horse manure). Importantly, our clustering analysis ( Figure 5 ) clearly separated unamended controls, soils amended with composted horse manure, and soils amended with dried cow slurry.
According to our metabarcoding data, the three bacterial strains used here for bioaugmentation purposes in an attempt to stimulate the degradation of the target contaminants (Burkholderia xenovorans LB400, Paenibacillus sp., Lysinibacillus sp.) did not thrive in the experimental soil, which could further explain the lack of contaminant degradation observed in our study. Indeed, the relative abundance of these three genera (Burkholderia, Paenibacillus, Lysinibacillus) did not increase in bioaugmented vs. non-bioaugmented soils. In fact, "bioaugmentation" was the least important factor explaining the variability of the data, as indicated by the variation partitioning analyses. Bioaugmentation is a bioremediation strategy which, in many cases, fails to deliver the intended reduction in contaminant concentrations due to the lack of survival and growth of the inoculated strains, owing to their poor competitive fitness under those specific environmental conditions. Thus, although bioaugmentation with Rhodococcus erythropolis did initially enhance hydrocarbon degradation in soil, its effectiveness strongly decreased over time as the proportion of Rhodococci was reduced from 25 to 1% of the total bacterial community (80 days after their inoculation), pointing out the difficulty to achieve the desired goal in bioaugmentation initiatives [62] . Other authors [63] also found that the bacteria inoculated to degrade PAHs in a contaminated soil decreased considerably in number or even disappeared over time (after approximately 100 days). In any case, other authors [64] have previously combined phytoremediation strategies with bacterial bioaugmentation. In a soil contaminated with hydrocarbons and heavy metals, these authors [64] reported that phytoremediation with alfalfa (Medicago sativa L.) combined with bacterial bioaugmentation (Pseudomonas aeruginosa) resulted in the highest degree of TPH removal (68%), compared to bioaugmentation alone (59%) and phytoremediation alone (47%).
Unexpectedly, the values of soil respiration, some enzyme activities, AWCD and NUS max (from Biolog EcoPlates TM data) decreased in bioaugmented soils, while values of C MB increased. This increase in microbial biomass could be due to the supply of easily metabolizable substrates and nutrients resulting from the lysis (death) of the inoculated bacteria. Although there are methods aimed at improving the survival of inoculated bacteria in bioaugmented soils, such as encapsulation in agar, alginate, open-ended tubes, etc. [65] [66] [67] , their effectiveness is variable, unreliable and, to a considerable extent, unpredictable.
The growth of B. napus plants did not lead to contaminant degradation but had a stimulatory effect on soil microbial properties, as previously reported [68] . Specifically, under our experimental conditions, plant growth had a stimulatory effect on soil respiration and N PM , suggesting a beneficial influence of root exudates on the activity of rhizosphere microbial communities [11, 12] . Likewise, some enzyme activities (dehydrogenase, β-glucosidase, acid phosphatase) showed higher values in planted vs. unplanted soils. Instead, inexplicably, C MB values were higher in unplanted vs. planted soils.
Conclusions
All the applied treatments failed at achieving a reduction in the concentration of the target contaminants (TPHs, PAHs), but some (especially, biostimulation with organic amendments) did succeed at improving soil health. Particularly, the application of dried cow slurry enhanced soil health. In consequence, and taking into consideration an often-mentioned remediation paradigm which states that "the goal of any remediation treatment must be not only to reduce the concentration of the target contaminants but, most importantly, to also improve soil health", our results point out a not-so-uncommon situation in which remediation efforts fail from the point of view of the reduction in contaminant concentrations while succeeding to improve soil health. Then, it cannot be concluded that our remediation attempts were completely successful (we achieved no significant decrease in contaminant concentrations) but, in a sense, they were partly successful because they resulted in an improved health of the long-term contaminated industrial soil.
This abovementioned situation is the opposite of that often encountered when applying many physicochemical methods of soil remediation, i.e., a reduction in contaminant concentrations is achieved at the expense of negatively affecting soil health. Sadly, despite the abovementioned paradigm, we are used to "remediating" a contaminated site using techniques that strongly (at times, irreversibly) alter the functionality of the treated soil, and claim to have been successful if contaminant concentrations have been reduced below regulatory limits. It is evident that when soil contaminants are causing negative effects on human health, we must remove those contaminants whatever the costs for the soil ecosystem (though, preferably, with the minimum harm to the soil ecosystem and the environment in general). But, in many cases, due to their lack of solubility, mobility, bioavailability, bioaccessibility, etc., or to the lack of a relevant exposure route from the contaminants to humans, the damage caused by some remediation methods on the integrity of the soil ecosystem might be more detrimental than the actual harm caused by the contaminants themselves. In this respect, biological remediation methods are usually less damaging, if at all, to the integrity of the soil ecosystem.
Finally, to achieve a significant reduction in the concentration of the target contaminants in the studied industrial soil (i.e., the most important objective from an anthropocentric and, in particular, legal point of view) using the same biological remediation strategies tested here, much research is particularly needed on (i) the nature and dose of application of the surfactants required to increase the bioavailability and degradability of recalcitrant organic contaminants; and (ii) the ecological fitness of the bacterial strains used for bioaugmentation (including competitive traits such as growth rate, mobility, capacity to express the specific degradation genes under those conditions, etc.).
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